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Introduction
Plasmonic materials are used in a variety of devices and are especially important in the recent boom of metamaterials. Two applications of plasmonic materials, the near-field superlens [1] [2] [3] [4] [5] [6] [7] and the far-field hyperlens [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , have attracted a great deal of both theoretical and experimental research interest, with recent work showing very exciting sub-diffraction resolution results [2] [3] [4] [5] [6] [7] [8] [9] from such devices. Silver (Ag) is the most-often used metal material in superlens and hyperlens applications due to the fact that Ag exhibits the lowest onresonance loss of any natural noble metal at optical frequencies [18, 19] . The qualities of a silver film superlens, such as film roughness and thickness, are vital to the achievable imaging resolution, and sub-diffraction resolution requires a smooth and thin metal film from the fabrication process [6, 7] .
Near-field superlensing occurs when the real part of the complex, frequency-dependent superlens permittivity ( ) ' 
ω is the real part of the host material's complex permittivity. Pure-silver superlenses [2] have the drawback that they cannot be very thick due to the loss in Ag, which typically limit the film thickness to 25-35 nm. Planar multi-layer (lamellar) composite materials could be used in place of pure silver in order to transfer images at larger distances [2] . In addition to planar lamellar superlens designs, the recent advanced theories and proofof-concept experimental studies of hyperlens-based devices [9-12, 15, 17] . These hyperlens devices, including a magnifying planar hyperlenses and light concentrators [11] , have provided us with a new perspective on magnifying subwavelength imaging using structures made of curvilinear, lamellar, metal-dielectric nanocomposite materials. All of the hyperlensbased designs and experiments mentioned above employ curvilinear, binary, metal-dielectric composites, i.e. lamellar structures made of two distinct materials with non-uniform layer thicknesses. A schematic example of a binary, lamellar structure is shown in Fig. 1 , where a curvilinear, layered structure is deposited on top of a substrate with a 2D bump. In general, the curvilinear Ag-layers have spatially-dependent thicknesses and may have different minimal thicknesses in different layers. In addition, the desired minimal thickness quite often goes beyond the typical thickness values (20 nm) for Ag films fabricated without wetting, causing great difficulty in the successful fabrication of hyperlens-based devices. A further hurdle in superlens and hyperlens fabrication is that the required lamellar nanocomposites often exhibit high surface roughness, which limits their overall imaging capabilities by decreasing the ultimate resolution that can be achieved with the superlens and the overall performance of hyperlens-type devices. Even with pure-metal superlenses, surface roughness limitations are problematic [2, 6] , but hyperlens-type devices put forth even more demanding constraints on surface roughness in addition to the stringent requirements for control over the non-uniform thickness of individual curvilinear layers and most importantly over the minimal thickness of the continuous metal film. The realization of an advanced effective medium theory (EMT) developed for example for circular hyperlenses [12] indicates that substantial performance improvement can be achieved provided that ultra-thin, continuous Ag films are readily available.
Recent work has shown promise in using a germanium (Ge) wetting layer during the fabrication process to reduce the surface roughness of an Ag film [6, 20] . In this work, we have extended these studies and investigated the possibility of reducing the roughness of a composite superlens design through the addition of a wetting layer. To address both superlens and hyperlens demands, we specifically examined the effects of adding a Ge wetting layer on (a) the percolation threshold of ultra-thin Ag films and (b) the roughness and optical properties of ultra-thin Ag films and silver-silica nanocomposite films. A rapid post-annealing method was also explored for reducing the loss of the ultra-thin Ag films.
Experiment

Fabrication
Silver films were fabricated on Ge/SiO 2 /glass or Ge/SiO 2 /Si substrates to study the wetting effect of the thin Ge layer. All of the samples were fabricated using an electron-beam evaporation system (CHA Industries Model 600); the layers were deposited sequentially on the initial glass and Si wafer substrates without breaking the chamber vacuum. The evaporation chamber base pressure was about 1.3×10 −4 Pa (1×10 −6 Torr), and the evaporation rates were 0.05nm/s for Ag and Ge and 0.1 nm/s for SiO 2 . Deposition rates were monitored in real time with a quartz crystal oscillator, and hence all quoted layer thicknesses herein are actually mass average thicknesses. The initial glass and silicon substrates were cleaned using several steps, including multiple solvent rinses, a piranha (H 2 O 2 :3H 2 SO 4 ) acid bath, several ultrapure water rinses and drying with pressurized gaseous nitrogen. Silver (99.9999%, Alfa Aesar), germanium (99.999%, Cerac) and SiO 2 (99.995%, Kurt J. Lesker Corp.) source materials were used to fabricate the samples. The samples fabricated on glass substrates were used for far-field spectral measurements, while those fabricated on silicon wafers were used for high-resolution SEM imaging. We first deposited 10 nm of SiO 2 on the substrate for the purpose of eliminating the influence of the substrate roughness on the results. Next, a 1-nm Ge layer was deposited as a wetting layer. Finally, a Ag layer was deposited on the Ge/SiO 2 layers.
Percolation threshold of silver films
First, the influence of a thin Ge wetting layer on the Ag percolation threshold has been studied through the optical spectrum. During the deposition of a Ag layer on glass or amorphous SiO 2 , the deposited Ag gradually changes from a film consisting of isolated particles and clusters to a conducting film with an "infinite" metal cluster spanning over the whole sample as the metal thickness increases. This transition point between the two regimes (insulating and conducting) is called the percolation threshold [21] [22] [23] [24] . At the percolation threshold, a strong wing in the long-wavelength part of the absorption spectrum of the Ag film appears and is associated with "hot spots" in the film [21] [22] [23] [24] [25] , so that the spectral response of the film can be used to indicate the threshold, as we describe below.
In order to find the percolation threshold of Ag on SiO 2 with a 1-nm Ge wetting layer, a group of samples were fabricated with Ag layer thicknesses varying from 1 nm to 8.5 nm. The fabrication parameters and root-mean-squared (RMS) surface roughness values of these samples are shown in Table 1 . The far-field spectral responses (transmittance and reflectance) of the samples were measured by a PerkinElmer Lambda 950 UV-Vis-NIR spectrophotometer with an integrating sphere accessory; the measured results are shown in Fig. 2 . Note that that the features in the spectra near 860 nm are artifacts in our measurement setup and are not features of the sample response. At the beginning of the deposition process, the metal forms small, isolated particles and their clusters on the substrate. Such a film (Sample #1, 1 nm Ag) shows strong absorbance near the plasmon resonance wavelength of single particles and small clusters [21] and high transmittance for longer wavelengths. With the deposition of more metal, the metal starts to form clusters of particles with complicated morphologies. These elongated islands [26] and clusters of metal resonate in a broad spectral range, extending from the UV into the near-IR and beyond [21, 22] . As a result, the absorption spectrum of the film broadens toward the long-wavelength range.
At a particular point in the deposition process, the isolated metallic clusters connect together, and a conductive path of metal is created between the ends of the film [21, 22] . This point is known as the percolation threshold, and at this point the semicontinuous metal film changes its character from predominantly dielectric to metallic (conducting) in nature [21] [22] [23] [24] . At the percolation threshold (Sample #3, 3 nm Ag), the transmittance (T), reflectance (R) and absorbance (A) of the film are almost independent of wavelength beyond the bulk-metal plasma resonance [21] [22] [23] [24] . The T, R and A spectral curves tend to broaden and flatten near the percolation threshold, showing a broadband and strong absorbance response for the film.
As still more metal is deposited beyond the percolation threshold (Samples #3-6, 3-8.5 nm Ag), the additional metal tends to fill in the voids between the islands, eventually producing a uniform and completely continuous Ag film that is strongly reflective. In this regime (above percolation), the absorbance gradually decreases with increasing metal deposition in a wide wavelength range due to the loss of structures resonant at those wavelengths. For Ag films that are only slightly above the percolation threshold (Samples #3-4, 3-5 nm Ag), a large number of dielectric voids exist in the films, and the absorbance can be still relatively strong in a wide wavelength range. The long-wavelength-resonant plasmon modes in the film gradually disappear as the number of voids and the coupling between voids decreases with additional deposited metal. At this point the film finally becomes completely continuous (Samples #5-6, 6.5-8.5 nm Ag). Using the results in Fig. 2 , we estimate the percolation threshold of Ag deposited on a 1-nm Ge layer to be about 3 nm, which is much thinner than the 11 nm percolation threshold typically observed for e-beam deposition of Ag on SiO 2 [22] . A continuous Ag film can also be obtained at a much lower film thickness when using Ge as a wetting material. Typically an Ag film thicker than 5.5 nm is already uniformly continuous on a Ge wetting layer in our experiments, while without the Ge layer a continuous film occurs at a thickness around 20 nm. Figure 3 shows representative SEM images of Ag films with a Ge wetting layer ( Fig. 3(a) ) and without the wetting layer ( Fig. 3(b) ). Note that these samples were fabricated on a Si(100) wafer under the same conditions as those mentioned above for the samples with glass substrates. Figure 3(a) shows a typical SEM image of 6-nm-thick Ag film on a Ge wetting layer. The SEM image was obtained at the edge of a shadowed, uncoated region to show more clearly that the film is indeed continuous. The light gray area in upper left region of the image is the Ag continuous film, while the black area is the bare Si substrate. In comparison, Fig. 3(b) shows a typical SEM image of a 6-nm-thick Ag film on a SiO 2 /Si(100) substrate. Without the Ge wetting layer, the 6-nm-thick Ag film clearly consists of isolated irregular islands of metal on the substrate. 
Surface roughness
The surface roughness of a metal film is a vital factor for optical applications such as superlenses and hyperlenses. Recently published experimental results have shown that when the root-mean-squared (RMS) roughness of a Ag film is higher than 1 nm, the resolution of a superlens is drastically reduced [6, 7] . Seeking to combat this resolution degradation, Logeeswaran et al. recently reported that a thin Ge layer can reduce the surface roughness of a 20-nm continuous Ag film [20] . Our studies show that this phenomenon is actually effective for both semicontinuous and continuous Ag films.
In order to characterize the surface morphologies of our samples and determine the effect of a Ge sublayer on the final film roughness, we performed extensive atomic force microscope (AFM) studies of the prepared samples. The surface morphologies were observed at room temperature using a Veeco Dimension 3100 AFM in a non-contact, tapping mode with a scan size of 1 µm × 1 µm, a scan rate of 1 Hz and standard Si tapping mode tips. The collected AFM topographs were characterized by computing the RMS roughness values of each sample. The RMS roughness values of Ag films with a Ge layer (Samples #1-6) varied from 0.22 nm to 0.73 nm, as listed in Table 1 . Without the Ge wetting layer, however, the RMS roughness values of Ag films were typically above 2 nm in our experiments. This result confirms that the addition of a Ge wetting layer strongly reduces the surface roughness of continuous Ag films. In addition, our results indicate for the first time that a Ge wetting layer has a similar roughness-reducing effect on semicontinuous Ag films.
We extended these roughness studies to see if the technique is also effective for (Ag/Ge/SiO 2 ) n lamellar composite films. These films consist of n sets of Ag/Ge/SiO 2 composite layers. A (10nm Ag/1nm Ge/10nm SiO 2 ) 3 sample was prepared on a glass substrate using the same e-beam deposition methods mentioned above. The sample was fabricated by sequentially depositing a 10-nm SiO 2 layer followed by a 1-nm Ge wetting layer and a 10-nm Ag layer and then repeating this process three times to produce the final multilayer (lamellar) sample. The surface morphology of this lamellar composite sample was also studied by AFM techniques. A typical AFM topography from the sample is shown in Fig. 4 . The RMS roughness of the lamellar composite film is only about 0.42 nm, which is close to that of a single-layer Ag film on a Ge wetting layer. Hence, it can be concluded that the inclusion of a Ge wetting layer below every Ag layer in the lamellar composite structure can significantly improve the final surface roughness of a multilayer, lamellar sample. Fig. 4 . Representative AFM topograph of a lamellar (10nm Ag/1nm Ge/10nm SiO2)3/glass sample. The RMS roughness is 0.42 nm, which is comparable to that of a single-layer Ag sample deposited on a thin Ge layer.
Mechanism of the wetting effect
Our fabrication results show that the growth of Ag on amorphous Ge follows the VolmerWeber (island) growth model, although according to Ref [27] . the growth of Ag on singlecrystal Ge follows the Stranski-Krastanov (layer-plus-island) growth model. Due to its relatively high surface energy, however, amorphous Ge still produces a good wetting effect for the Ag growth, since a deposited film tends to wet on a high energy surface [28] [29, 30] . Germanium has a higher surface energy than that of either Ag or SiO 2 , meaning that the Ag atom clusters deposited on a Ge surface tend to be flatter than the same clusters deposited on SiO 2 . As a result, an Ag film on Ge is smoother and exhibits a lower percolation threshold than a Ag film on SiO 2 , as has been observed in our experiments. This phenomenon can also be described in terms of bond dissociation energies (enthalpy) of Ag-Ag and Ag-Ge, which are 162.9±2.9 kJ/mol and 174.5±21 kJ/mol, respectively [31] . The higher Ag-Ge bond energy (as compared to the Ag-Ag bond energy) indicates that the Ag atoms tend to be more tightly bound to the Ge surface than they are to their neighboring Ag atoms, which is a situation that is not prevalent in Ag-SiO 2 interfaces. Hence Ag islands on a Ge layer tend to be flatter (smoother) than Ag islands on SiO 2 .
Simulations
In order to further understand our experimental results, the spectral responses and permittivities of the Ag films and the lamellar composite films were simulated using the Drude-Lorentz model for Ag with five Lorentz oscillators [18, 19, 32, 33] , as shown in Eq. . The increased damping rates for thinner films can be explained by electron scattering at the metal boundaries [19, 34, 35] (see also below). The Ge layer and the glass substrate were also included in the simulations to match the experimental results [32, 33] . The measured and simulated spectral results for continuous Ag films with thicknesses ranging from 5.5 nm to 8.5 nm are shown in Fig. 5 . The simulated results match our experimental results quite well in the wavelength range of interest (nearultraviolet to near-infrared). This indicates that the Drude-Lorentz model provides a reasonable approximation of the frequency-dependent permittivity of our samples for the films that are well beyond the percolation threshold and are uniformly continuous. Note that Ag films thinner than 5 nm are not continuous and are characterized by irregularly shaped metal clusters that cannot be described by the Drude-Lorentz model alone; in this case the spectra strongly depend on the metal filling factor [21, 22] . Figure 6 shows the measured and simulated spectral results of the (10nm Ag/1nm Ge/10nm SiO 2 ) 3 lamellar composite film. The measured and simulated results match well, confirming that the ultra-thin lamellar Ag layers are continuous. This type of structure will be important for advanced multilayer superlens designs or other plasmonic devices such as the far-field hyperlens.
The complex permittivity of continuous or nearly-continuous Ag films with thicknesses well above the percolation threshold (5.5-8.5 nm) have also been retrieved and compared with the commonly accepted Johnson & Christy results for bulk silver [18, 19, 32, 33] , as shown in Fig. 7 . The ultra-thin continuous Ag films show a quantum size effect [19, 34, 35] as evidenced by increased loss in the fitted model parameters compared to those of bulk silver. It is clear from the retrieved permittivity curves that the thin Ag films show a larger damping rate γ p and a larger imaginary part of permittivity, particularly at longer wavelengths, than those of bulk Ag films or films modeled using the Drude-Lorentz formalism. The quantum size effect could be described by a mean-free-path-effect model [19, 34, 35] . When the sizes of metal structures such as nanoparticles and grains are smaller than the mean free path of the electrons, the electrons experience collisions with the metal boundaries. These collisions result in an increase in the damping rate and increased loss. Hence, an additional size-dependent term should be included in the damping rate [19, 34, 35] 
where γ ∞ is assumed to be a constant for bulk metals, υ F is the Fermi velocity of Ag, r is the metal particle radius, and the A 0 parameter is a constant around one and depends on the details of the scattering process. Note that in Eq. (2) γ ∞ is in units of s −1 and A 0 is dimensionless; for convenience γ ∞ is often specified in eV in the literature. Therefore, Eq. (2) indicates that when the film becomes extremely thin (< 30 nm), the damping rate γ p is no longer a constant but depends on the particle radius r which is in turn related to the film thickness and grain sizes for amorphous or polycrystalline films) and the A 0 -parameter [34] . According to Eq. (2), a thinner film and/or a film with smaller grains will have a larger size-dependent term, resulting in a larger damping rate γ p. In real applications of ultra-thin continuous Ag films with a Ge sublayer, there should be a balance between the thickness of the film and the tolerable loss in the film.
Rapid post-annealing treatment
In order to reduce the loss in our ultra-thin Ag films, a rapid post-annealing treatment was explored for the samples. Our experiments show that a 1-5 minute, 200°C-300°C annealing treatment can significantly reduce the loss of ultra-thin Ag films. The annealing treatment can reduce the loss by allowing grains in polycrystalline or amorphous Ag films to grow in size, thereby reducing the size-dependent term in the damping rate that arises as a result of electron scattering at grain boundaries. This beneficial result of annealing must be carefully controlled to ensure that the Ag film does not change into a semicontinuous, island-like film, which can occur for annealing temperatures that are too high (> 350 °C) or annealing times that are too long (> 6 minutes). It is also critical that the annealing procedure not adversely affect the roughness of the films. To study this aspect, we measured and compared the RMS roughness from a group of films at different thicknesses before and after annealing. We found that, at the optimized annealing conditions, the RMS roughness values do not significantly change and are still in the range of 0.3-0.7 nm after annealing.
Representative and optimized annealing results for ultra-thin Ag films are shown here. Figure 8 shows the retrieved imaginary permittivity ( ε ′′ ) values of 10-nm Ag films on a 1-nm Ge wetting layer before and after 3 minutes of annealing at different temperatures. At the same annealing time (3 minutes) and within the proper annealing temperature range, a higher annealing temperature will provide better loss-reducing effect. Annealing the 10-nm Ag film at the optimized condition (3 minutes at 280°C) reduces the damping rate (γ p ) from 0.15 eV to 0.045 eV and reduces the ε ′′ values by up to 70% within the measured wavelength range. The theoretical damping rate value of a 10-nm Ag film can be calculated using Eq. (2). The grain size was assumed to be r = 10 nm (which is close to the film thickness) for an ideal condition and the values γ ∞ = 0.0196 eV (2.98×10 13 s −1
), A 0 = 0.25, υ F = 1.39×10 6 m/s were obtained from Ref [34] . This results in a damping rate of γ p = 0.0425 eV, which matches the retrieved value of γ p = 0.045 eV obtained from our experiments. Additional calculated and experimentally retrieved damping rates are shown in Fig. 9 , indicating that the ultra-thin Ag films have lager loss due to smaller grain sizes. After annealing, the metal grains grow in size and the loss in the film is significantly reduced. Similar loss-reducing effects were also observed for silver-silica lamellar composite films. Therefore, we concluded that this rapid post-annealing treatment is capable of lowering the loss in our ultra-thin Ag films and in silver-silica lamellar composite films to the ideal values allowed by the quantum size effect for smaller grains. It is important to note that this loss reduction is accomplished without degrading the overall film roughness.
Conclusion
In summary, we have performed experiments and simulations on the fabrication and characterization of ultra-thin Ag films deposited on a very thin Ge wetting layer. The inclusion of the thin Ge layer as a wetting material acts to drastically reduce the percolation threshold of Ag films. The percolation threshold shifts from a Ag layer thickness of about 11 nm (for Ag deposited on SiO 2 via e-beam evaporation) to a thickness of about 3 nm when a Ge sublayer is included in the fabrication. Hence with a Ge wetting layer it is possible to make ultra-thin, uniformly continuous Ag films at thicknesses of 5.5 nm or larger. In additional experiments, we have confirmed that the addition of a Ge wetting layer reduces the measured surface roughness of continuous Ag films and (Ag/Ge/SiO 2 ) n lamellar composite films to around 0.2-0.7 nm. However, the ultra-thin, ultra-smooth Ag films exhibit higher loss than bulk silver due the quantum size effect. For the purpose of reducing the loss of the ultrathin Ag films, a rapid post-annealing treatment was introduced in our experiments. Our experimental results show that under optimized annealing conditions, the loss of a 10-nmthick Ag film can be reduced by up to 70% while maintaining low surface roughness in the sample. The rapid post-annealing treatment is able to reduce the loss of the Ag films and silver-silica lamellar composite films to the ideal values allowed by the quantum size effect in small grains, and no further improvement could be expected. Overall, our results indicate that ultra-thin, ultra-smooth and low-loss Ag films and silver-silica lamellar composite films can be achieved by introducing a very thin Ge wetting layer and a rapid post-annealing treatment. This achievement satisfies the demands for both the current superlens and proposed hyperlens designs for high resolution, sub-wavelength imaging.
